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STJTWIARY 

An experimental inyestlgation has been conducted on a model- 
scale augment or wing to Identify the sources of far-fleld noise. 

The measurement procedure followed in the Investigation Involved 
the cross-correlation of far field sound pressures with fluctuating 
pressures on the surface of the augmentor flap and shroud. In 
addition pressures on the surfaces of the augmentor were cross- 
correlated. The results are interpreted as showing that the 
surface pressure fluctuations are mainly aerodynamic in character 
and are convected in the downstream direction with a velocity 
which is dependent on the Jet exhaust velocity. However the 
far field sound levels in the mid and high frequency ranges are 
dominated by Jet noise. There is an Indication that in the low 
frequency range trailing edge noise, associated with interaction 
of the Jet flow and the flap trailing edge , plays a significant 1 
role in the radiated sound field. 

The test program in the NASA Ames 7 ^xlO ’ ¥ind Tunnel was coordinated 
by the Technical Monitor, Mr. Michael D. Palarski,, and the authors 
wish to acknowledge his helpful support in the measurement program. 
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1- INTRODUCTION 

Several propulsive lift systems are being considered as a 
means of providing short take-off and landing (STOL) capa- 
bilities for commercial airplanes. One such lift system is 
the augmentor wing, in which high speed gas flow is discharged 
from nozzles at the wing trailing edge, into an ejector formed 
by the wing flap and shroud. In common with other propulsive 
lift systems, the augmentor wing generates noise. However 
some noise reduction can be achieved by placing sound absorbing 
material on the flap and shroud surfaces which are adjacent 
to the flow from the nozzle. This technique has been demon- 
strated experimentally, on model scale systems [1], for mid- 
frequency ranges but the effectiveness of the lining decreases 
at high and low frequencies. 

As part of a program to Improve the noise reduction charac- 
teristics of the augmentor xvlng, NASA Ames Large Scale Aero- 
dynamics Branch initiated an investigation to determine the 
locations of noise sources of the augmentor system. With 
this information, augmentor wing design can be optimized 
for minimum far field noise,. Within this investigation, 

Bolt Beranek and Newman (BBN) had the role of providing 
research assistance in the planning, performance and analysis 
of model scale - acoustic tests in the NASA Ames 7 ' xlO.t wind 
tunnel. This, report contains BBN’s analysis of the test data, 
particular emphasis being placed on the pressure cor3:>elatlon';;; 
measurements. , Pr.es sure correlation Coefficients are considered 
for. surface-far field transducer pairs and for surface-surface 
pairs . The relationship between pressures, on the , .surf ace of 
the flap or shroud and the acoustic pressures in the far field 
can be related to. noise s our c e lo cat ion . Measurement s ; relating 
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surface pressures at two different locations on the flap or 
shroud can be used In determining the characteristics of the 
surface pressure field with respect to noise generation. 

In this report. Section 2 presents a brief outline of correlation 
techniques as applied to the two areas Identified above. The 
outline provides the basis for subsequent analysis of the test 
data. Section 3 describes the test program, and characteristics 
of the fluctuating pressure field on the surfaces of the flap 
and shroud are presented In Section i|. Correlations between 
surface pressures on the flap or shroud and acoustic pressures 
In the far field are analyzed In Section 5. The data are Inter-^ 
preted In terms of noise source location and noise generation. 
Then, In Section 6, the effect of free stream flow speed Is 
Introduced, Section 7 discusses the experimental results and 
Section 8 presents eoncluslons and recommendations based on 
BBN’s analysis of the experimental results. 
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2. PRESSURE CORRELATION COEFFICIENTS 

In this section pressure correlation coefficients relating 
surface pressures to the acoustic far field are described 
under a series of simplifying assumptions . It Is shown that 
the correlation coefficient can be used as an estimate of the 
number of Independent noise sources located at the region of 
highest correlation. The analysis assumes that the far field 
acoustic pressures result from the conversion from aerodynamic 
to acoustic pressures at the flap and shroud surfaces, with 
subsequent propagation to the far field as acoustic waves. 
However It has to be borne In mind that acoustic pressures 
can be present within the augmentor and that the surface trans- 
ducers are sensitive to vibration as well as pressure signals. 

Spectral and correlation Information for the surface pressures 
can be used In several ways to describe the characteristics 
of the pressure field of an augmentor wing. The data can, 
in turn, be Interpreted In terms of noise sources. In par- 
ticular, the data from the present tests have been analyzed 
to determine effective length scales In the pressure field 
and to Identify the presence of acoustic and vibration com- 
ponents . 

2.1 Surface and Far Field Gorrelations 

The surface-far field correlation coefficient Is obtained by 
measuring the fluctuating pressure Pg(t) on the surfaceof. 
the flap and the acoustic pressure Pg^(t) In the far field. 

The resulting correlation coefficient Is defined as 

g(t:)P^(t+T)> 

|(t)><p^Ct» 



( 1 ) 
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where the symbols <> indicate time averages, and t is the time 
delay. Equation (1) indicates that the rms pressures on the 
surface and in the far field are used as normalizing parameters. 


It is now possible, with simplifying assumptions, to relate 
Pg the acoustic energy radiated by the surface of the 

flap or shroud in the neighborhood of the measuring transducer. 


First, assume that p (t) is purely aerodynamic. Then the asso 
elated acoustic pressure in the far field at distance R and 
angle 0 is [2] 


p(R.t) = I / It P3(S,t-H/o)dS (2) 

, S 


Next, assume that the far field pressure is the sum of the 

1 ■ 

contributions from N Independent surface pressures p with asso- 

i ' 

ciated areas S 


i. e . 


<p^p^'> 

^s^ s 




Then, for .band-limited signals, centered at angular frequency oi, 
equation (2) can be rewritten in the form 

p(R,o)) = 51^ pJ(w)s^(R,m) ; ^ ^ (4) 

- 1=1. ® 


where 


s (R,a)) = 


-1 01 cos 6 S 
4’n‘cR 


.1 


(5) 


Here , s^ (R, oi) represent s the conversion from aerodynamic to 
acoustic pressure. 


It can be shown now that the square of the correlation coefficient 

D (t), evaluated at t = t where is the time delay for 
■^s.a ■ m m , , - 
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maximum correlation, Is a measure of the mean square acoustic 
pressure at R, which Is contributed by area S^. Prom equation (1) 


pf „(t„) 

s,a m 


<P^(t)Pa(t+T^)>^ 

<Pg^(t)xPa(t)> 


But, from equation (4) 


' IPs(P)s^Cm) 


Hence, using equation (3)» 


^ <Pg^(t)>s^(w) 


and equation (6) reduces to 


P ^ (t ) = 
^s,a^ m'^ 


<Pg^(t) s^^Cw) 


(7) 


Thus the square of the correlation coefficient gives the mean 

1 

square acoustic pressure contributed by area S , as a fraction 
of the total mean square acoustic pressure at R. 


Assuming that all N noise sources contribute equally to the 
radiated sound, then 



( T ) 



The preceding discussion is In general terms , but the form 
of the correlation coefficient can be expressed in. more detail. 
In practice the surface and far field pressure spectra are 
broadband and the spectrum level changes slowly with frequency. 


Thus, within an octave band, the spectrum level can be taken 
as constant. Further, acoustic waves are non-disperslve. The 
correlation coefficient can now: be written in the form [3] 
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sin ) 

‘ " ' -iB ' rT-T ) 2,rfCT-T_^) (9) 

m 

where B is the filter bandwidth in Hertz and f is the filter 
center frequency (Hz). Neglecting any effects of the jet flow, 
the value of is the time taken for sound waves to propagate 
from the surface location to the far field 

l.e. § (10) 

me 


Equation (9) indicates that the correlation coefficient is a 

s in X 

cosine function which decays in a — — — manner. Thus the maximum 

X 

value of the correlation coefficient occurs when the modulating 
TTB(T-Tm) 

function sin --- y is unity. 


If several propagation paths are present, such as is the case 
for the direct signal and signals reflected from the walls of 
the test section, the correlation coefficient becomes 


s,a 




sin ttB(t-t^) 
'itB(t-t . ) 

cl 


cos 2'rTf(T“T . ) 


( 11 ) 


The coefficient has a series of maxima at t., with value (x.). 

J S j d- J 

Also the correlation maximum associated with the direct signal 
will be lower than the value measured in the absence of reflected 
signals. For example, consider the simple case of the direct 
and one reflected signal. The measured correlation coefficient 


is 


(t) == 


s ,a 


(t) 


723 


a 


V 2- 


-a 

a 


(x-t’') 

a Q ' ' 


s .a 


( 12 ) 


Where p^(x) is the correlation coefficient in an anechoic 
s , a 

space and a is the reflection coefficient. Equation (12) 
assumes that the signal is sufficiently broadband that 
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It Is seen that the correlation coefficient for the direct 
signal is reduced by the factor — . 

2.2 Surface Correlations 

Within the augmentor, the flow can be considered to be two- 
dimensional , with turbulence being convected in the chordvjise 
direction. Airflow discharged from the nozzle will become 
attached to the upper surface of the flap, but may not become 
attached to the shroud. 

Correlation measurements in flow conditions of the above type 
have been conducted by several investigators, and the results 
can be applied to the present analysis. For example. Bull [■4] 
has studied the pressure fluctuations on the wall beneath a 
turbulent boundary layer, and Maestrello, et al [5] have made 
measurements in the near field of a model scale air jet. In 
both cases it was assumed that the correlation coefficient 
for the surface pressures decayed exponentially in the spatial 
domain, a relationships which was in agreement with the experi- 
mental data. 


For near field jet noise Maestrello et al [5] represented the 
broadband pressure correlation coefficient by 


P ( ? ^ j ? 3 >1 ) 




-OI 3 I ^3 I -y Jt! 

e e cos (27rf^T-k^5Y ) 


(13) 


where separation distances 3 are respectively parallel and 
perpendicular to the flow, f^ is a characteristic frequency. 



“T- 
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and k = 2Trf /U where U is the mean convection velocity of 
the pressure field. The data show 


\ = 0.65 U_. 

where U. is the Jet exit velocity. 

J 

Bull described the boundary layer pressure field in terms of 
the narrowband correlation, coefficient 


-B 

,?g,T;f jB) = A(B,x)e 



cos(27rft“k5j ) 


( 14 ) 


where A(B,t) Is a function depending on the characteristics 
of the frequency filter with bandwidth B and center frequency f, 
and wavenumber k = co/U^Coj). Equation (l 4 ) is similar in form 
to that developed by White [3]. for a dispersive system of 
waves. Then 


A(B,t) 


sin ttBCt-^^/U^) 
TTB(T-e/U ) 


(15) 


where U is the group velocity for the pressure field, and 

o 

U-(a)), above, is the phase velocity. Data from Bull [ 4 ] show 

w 

phase velocities in the range 0 . 6 U^ to 0 . 9 Uqo where Is the 
free stream velocity. 


A lateral length scale for the surface pressure field can be 
defined by 





from equation Cl 4 ) 


(16) 


- 8 - 
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A characteristic length scale in the longitudinal (or flow) 
direction, is 


A, = 2/^|p(Ei.0,C/Ug;f,B)|ae, 

= 2 _ 

■ 

although in this case is not a length scale in the true 
sense. Rather, it represents the time scale for which 
pressures are correlated in a moving frame of references 


(17) 


(18) 


The above simplified analysis assumes implicitly that the 
signals measured by the surface transducers are due solely 
to the action of local aerodynamic pressures on the sensitive 
element of the transducer. This may not be the case in practice. 
There may be an acoustic pressure field within the augmentor, 
or transducer vibration may introduce an additional signal 
component. In either case the surface-surface pressure correla- 
tion coefficient will be modified. 

There are several possibilities, including: 

(a) Additional signals uncorrelated with the aerodynamic 
pressures and with each other. Then the measured correla- 
tion coefficient will have a value which is lower than 
the ideal case, by the factor 

(aerodynamic alona) 

Prjjjs + other) 

(b) Additional signals- uncorrelated with aerodynamic pressures 
but correlated with each other at time delays which are 
different from those for the aerodynamic pressure field. 

- 9 --- ■■ 
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Then there will he additional maxima in the correlation 
coefficient, and the measured value of the coefficient 
associated with the aerodynamic field will be lower than 
the Ideal value, as in (a). 

(c) Conditions as In (b), except that all signal components 
have maximum correlation at the same time delay. The 
net effect on the measured value of the correlation coef' 
flclent is difficult to predict. 


-. 5 ' 



I 

I 
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3. WIND TUNNEL TESTS 

The measurements discussed In this report were made in the NASA 
Ames #1 7’xlO' wind tunnel. The surfaces of the tunnel test 
section were covered with a 8.6 cm (3- inch) layer of Scottfelt 
to reduce the acoustic reverberation and a model scale augmentor 
wing was mounted on the tunnel centerline (Figure 1). The 
propulsion nozzle of the model had 43 lobes with width of about 
0.25 cm (0.11 inch) and height 2,8 cm (1.1 inch). Model span 
was 76.2 cm (30 Inches). 

Surface pressure fluctuations were measured using flush-mounted 
BBN piezo-electric transducers with 0.25 cm (0.1 inch) diameter 
sensitive elements. Transducer locations on the flap and shroud 
are shown in Figure 2. Ten transducers were used; holes without 
transducers were plugged with modelling clay. The transducers 
were held in place by modelling clay and some adjustments were 
necessary, particularly near the trailing edges of the flap 
and shroud, to minimize the contributions from transducer vib- 
ration. The adjustments vrere made somewhat arbitrarily j using 
the spectrum shape of the transducer signal as a guideline. 

It was not possible, within the limitations of the test program, 
to separate vibration and pressure components. 

Far field acoustic pressures were measured using five B and K 
1/4 inch microphones with nose cones. The microphones were 
located on a radius of about IO 7 cm (42 Inches) centered at 
the nozzle exit, with their axes parallel to the tunnel center- 
line. Angular locations of the microphones are shown in Figure 3 
Polar plots of the acoustic far field were obtained by means 
of a B and K 1/8 inch microphone on a rotating boom (Figure 1) , 

centered at the nozzle exit plane. 


- 11 - 
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Spectral measurements of the surface and far field pressures 
were made in one-third octave bands with center frequencies 
in the range 100-80,000 Hz, using a General Radio Type 1926 
Multichannel RMS Detector. The augmentor wing was operated 
at nozzle plenum pressures of 27.6, 55.2, 82.8, 110.4, I 38 .O 
and 165.6 kN/m^ (4,8,12,16,20 and 24 pslg), l.e. at pressure 
ratios Pip/Pg^ of 1.27j 1.54, I. 81 , 2.09, 2.36 and 2 . 63 . 

Pressure correlation measurements were made between pairs of 
surface pressure transducers, or between surface transducers 
and far field microphones. Before correlation, the signals 
were filtered using similar octave band filters of two B and K 
sound level meters. Correlations were performed on a Salcor 
SAI-43A correlator in the clipped mode of operation. The 
correlation operation was repeated up to three times to mag- 
nify the correlation coefficient where necessary. The true 
value of the correlation coefficient was obtained from the 
relationship 

*^true ” ^2 *^clipped^ 

Correlations were obtained in octave bands centered at 0.5, 

1, 2, 4, 8 and 16 kHz, for a nozzle pressure ratio of 2.09. 
This pressure ratio was selected since it gave a high exhaust 
velocity typical of normal operation, but had no significant 
discrete frequency shock noise. 
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4. PRESSURE FIELD ON FLAP AND SHROUD 
4.1 Spectra 

Pressure spectra measured on the flap and shroud (in the absence 
of transducer vibration) are broadband in character, with a 
broad spectral peak. The frequency of this peak Increases 
as nozzle jet velocity increases, and decreases as distance 
from nozzle exit plane increases. 

At a given location on the flap or shroud, the spectra can 
be collapsed onto a single curve if the frequency is non- 
dimensionallzed with respect to nozzle height h and jet velocity 
Uj , and the one-third octave band level is normalized with 
respect to the overall sound pressure level (OASPL). This is 
shown in Figure 4 for location 11 at the center of the flap, 
and in Figure 5 for location 40 at the trailing edge of the 
shroud. The spectra are associated with nozzle pressure ratios 
of 2.09 and below, where discrete frequency shock noise is 
not dominant . 


Normalization with respect to chordwise location is more com- 
plicated. Maestrello et al [53 have shown that, for the pressure 


spectra In the near field of a three-dimensional je 
Strouhal number can be modified by a factor 


ft 


+ 1 


the 

where 


X is the distance downstream of the nozzle exit plane and 

X = 5D., where D. is the jet diameter. In the present case, 
o J J " . . 

if Dj is replaced by the nozzle height h, it is found that 
the exponent 3 has to be replaced by the lower value of 1.5 
for the flap (Figure 6), and the higher value of 4 for the 
shroud. The choice of x^ = 5h as the reference distance is 
somewhat arbitrary and other functions might give more universal 
data collapse. _ 


- 13 - 
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4.2 Correl ati on Coefficients 


Pressure correlation coefficients were determined from measure- 
ments along chordwlse and spanwlse directions. The chordwise 
measurements were used to determine convection velocities in 
an attempt to Identify acoustic and aerodynamic components. 

In addition the decay of the correlation coefficient was measured 
to obtain an estimate of the moving frame length or time scale 
of the pressure field. Correlation measurements in the spanwlse 
direction were used to obtain lateral length scales for the 
pressure field. All the correlation measurements were made 
at a nozzle pressure ratio of 2 . 09 . 


Typical correlation coefficients in octave frequency bands 
are shown in Figure 7 for a separation distance of 2.5^ cm 
(1 inch) in the chordwise direction. The reference transducer 
was at location 1, near the flap leading edge (in the region 
of the flow attachment point). The data show a sinusoidal 
oscillation at the frequency equal to the center frequency 
of the respective octave band. The cosine function is modulated 

sin ) 

by a term similar to the ' term in equations 

(l4) and (15) Thus the measured correlation coefficients can 
be used to determine the group convection velocity U , by taking 
the time delay associated with the maximum of the envelope to 
the cosine function. 


For octave band center frequencies 2k, 4k and 8kHz, the group 
convection velocity in the downstream direction is found to 
be 204 m/s (670 ft/sec) on the flap and 134 m/s (440 ft/sec) 
on the shroud. Within the accuracy of the experiment these 
velocities are independent of frequency. On the shroud the 
convection velocity of 134 m/s was observed also at 1 kHz, 
but no downstream convection was observed at IkHz on the flap. 
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In addition to the downstream convection, there was evidence 
on the flap of pressure components being convected upstream with 
velocities in the range 58-73 m/s (190-240 ft/sec). This occurred 
mainly at 2k and 4kHz and at large separation distances when cor- 
relation coefficients for the downstream propagating components 
were very low. It is possible that the upstream propagation 
was not observed at small separation distances because of the 
scale on which the correlations were plotted. 

Surface correlation data were found to have no consistent trend 
at 500 Hzj for reasons which have not yet been Identified. 

Measured convection speeds for the surface pressures can be 
compared with values predicted for jet and boundary layer fluc- 
tuaitlng pressures. Unfortunately the comparison can be only crude 
since no detailed measurements were made of the flow velocities 
within the augment or. It is known, however, that there is a large 
velocity gradient across the height of the augmentor. For example, 
at the augmentor exit the velocity at the flap surface is approx- 
imately 145 m/s (475 ft/sec) whereas that at the shroud Is only 
31 m/s (100 ft/sec) . 

Results of Maestrello et al I5] for a jet near-field, and Fuchs 
[10] for a jet mixing region, show a pressure convection velocity 
of 0.65 In the present configuration, assuming that the jet 

total temperature is equal to the ambient temperature, the jet 
velocity for a nozzle pressure ratio of 2.09 is 332 m/s (1090 ft/sec) 
The predicted convection velocity is then 216 m/s (708 ft/sec). 

Prom Bull's data for a turbulent boundary layer the convection 
velocity lies in the range 0.6 to 0.8 V^, where "Vq is the 
local free stream velocity. Taking a mean value of 0.7 the 

predicted convection velocity is 232 m/s (760 ft/sec) at the 
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nozzle and 101 m/s (330 ft/sec) at the flap trailing edge. These 
predicted velocities are in general agreement with the convection 
velocity of 204 m/s measured on the flap, but the values are 
generally higher than the velocity measured on the shroud. 

Now, considering the component propagating upstream, the assumption 
Is made that the pressure field is acoustic. The mean flow velocity 
(average of Jet velocity and velocity at flap trailing edge) is 
238 m/s (780 ft/sec), and the speed of sound in the Jet is 308 m/s 
(1010 ft/sec). Thus the average upstream velocity of propagation 
is 70 m/s (230 ft/sec), which is close to the measured value. 

Decay of the correlation coefficient in a moving frame of 
reference in the chordwise direction is shown in Figures 8 
and 9 for flap and shroud respectively. The data refer to the 
peak con •^lation at optimum time delay An exponentially 

decaying curve has been fitted to each set of data, and the 
corresponding length (or time) scale (Table I) calculated 
according to equations ( 17 ) and (I 8 ). 

Table I 

Pressure Correlation Scales in Chordwise Direction 


Flap Shroud 


requency 

(Hz) 

(cm) 

(inch 

T 

1 

(ms) 

(cm) 

A, 

(inch) 

T, 

(ms) 

500 

4. 3 

1V7 

- 

25.4 

10.0 

- 

1,000 

3 • 8 

1.4 

0.17 

11.9 

4.7 - 

0.89 

2,000 

5.3 

2 .1, 

0.26 

9.1 

3.6 

0.68 

4,000 

6.1 

2,4 

0.30 

6.1 

2.4 

0.46 

8,000 

5.8 

■; 2,3.- 

0.29 

4.6 

1.8 

■ 0.34 


f 
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Spanwlse pressure correlation measurements were made at three 
separation distances on the flap leading edge, two separation 
distances on the flap trailing edge, and one separation distance 
on shroud leading and trailing edges. The resulting values of 
the correlation coefficient p (o,^^,0,f) are shown in Figures 10 
and 11. 

i'.'i 

Reliable estimation of the lateral, or spanwise, correlation 
length scales Is more difficult than for the chordwise direction 
because correlation coefficients were measured for only a few 
separation distances. Thus the values of the length scales in 
Table II should be regarded as tentative. 

Table II 


Pressure 

Correlation 

Length Scales 

in Spanwise 

Direction 


Flap Leading Edge 

Flap Trailing Edge. 

Frequency 

A 

3 ■ 

A 

3 


(Hz) 

( cm) 

(inch) 

(cm) 

(inch) 

. 500 

1.30 

0.51 

- 

- 

1,000 

0.97 

0.38 

- 

_ 

2,000 

0.99 

0.39 

3.12 

,1.23 

4,000 

1.19 

;o.47 

3.53 

1.39 

8,000 

0.97 

0.38 

2.67 

1.05 

16,000 

0.81 

0.32 


- ... 


Values for A on the shroud have not been calculated since 

• 3, , „ 

measurements were made at only one separation distance. How- 
ever based on these data the length scales appear to be larger 
than the corresponding values on the flap, particularly at the 
leading edge. Figures 10 and 11 indicate that the length scales 
on the shroud do not increase when moving from leading edge to 
trailing edge, as they do on the flap (Table II). 

- 17 - 
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5. ACOUSTIC FAR FIELD PRESSURES 

5.1 Acoustic Spectra 

The radiated sound field was measured at the five fixed locations 
shown in Figure 3, and polar plots were obtained using a microphone 
mounted on a boom above the model wing. Spectra were measured 
at several nozzle pressure ratios, but correlation between surface 
and far field pressures was measured at only one nozzle pressure 
ratio, 2.09 (plenum pressure of 110.4 kN/m^ or 16 psig) . 

Polar plots were obtained using octave band filters and a typical 
set of curves is shown in Figure 12 . The figure shows that high 
sound levels occur at angles of approximately l45° and 215° 
to the jet axis (where 0° is taken as the upstream direction). 

Below the wing, microphone location 5 is close to the peak at 
145°. Thus the location was selected for correlation measure- 
ments. Locations 3 and 6, which are respectively at about 90 ° 
and 270 ° to the Jet axis, were also selected for correlation 
measurements. One-third octave band sound pressure spectra 
measured at these three locations (3j 5 and 6) are shown in 
Figure 13 for a nozzle pressure ratio of 2.09 and zero tunnel 
flow. 

5.2 Correlation Coefficients 

Under ideal circumstances, the correlation coefficient relating 
Surface and far field pressures would show one maximum, at a 
time delay equal to the propagation time. However in practice 
other maxima may occur due to reflections and contributions 
from noise sources located away from the surface transducer. 

Thus, in the data analysis, the propagation time was estimated 
for each pair of transducers. It was then assumed that the 
correlation maximum which occurred at the time delay closest 

- 1 , 8 -'" . . 
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to the estimated propagation time was that associated with 
the direct path. Figure l4 shows the agreement between esti- 
mated and observed time delays associated with microphones 
3, 5 and 6, and transducers close to the flap or shroud leading 
and trailing edges. The estimated values do not take into 
account refraction and other effects associated with acoustic 
propagation in the jet flow, a fact which may account for some 
of the discrepancies between estimated and measured values. 

Some comment is probably appropriate regarding the influence 
of other correlation maxima on the value of the coefficient 
for the direct-path signal. The correlation coefficients 
alone do not provide sufficient Information to determine the 
effects. For example, if two correlation maxima, associated 
with two uncorrelated noise sources, are of equal magnitude 
it does not follow that the mean square values of the two 
signals will be equal* However if appropriate assumptions 
can be made, some interpretation of the data is possible. 

The effect of a single reflected wave is shown in equation ( 12 ). 
Assuming an absorption coefficient of 0.85 for the lining on 
the test section surface, equation ( 12 ) Indicates that the 
correlation coefficient for the direct wave will be reduced 
by about 7^ and the value of the coefficient for the reflected 
signal will be about 39^ of that for the direct wave. Increasing 
the number of reflected signals will reduce still further the 
value of the correlation coefficient for the direct signal 
but will not affect the relative magnitudes of direct and 
reflected signals. As an example, if there are three reflected 
waves of equal magnitude » the correlation coefficient associated 
with the direct wave will be reduced by- 17$. 
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In the present analysis no corrections have been applied to 
the correlation coefficients to account for the presence of 
reflected or other signals. 

Correlation coefficient maxima relating flap surface pressures 
and far field acoustic pressures at microphones 3 and 5 are 
shown in Figures 15 and I 6 . Similar data for the shroud and 
microphones 3> 5 and 6 are shown in Figures 17-19 • In cases 
where measurements were made at several spanwlse locations, 
the values of the coefficient have been averaged before being 
plotted in the figures . 

Data associated with the leading and trailing edges of the flap 
and shroud are plotted in Figures 20 and 21, respectively, as 
a function of frequency. Figure 20 also contains data for 
transducer location 13 which is shown in Figures 15 and I 6 to 
be the location of highest correlation on the flap. 

Polar distribution of the correlation coefficient maximum is 
shown in Figure 22 for location 14 on the flap. (A limited 
amount of data is also presented for location I 3 .) 

The correlation data presented in Figures 15 through 22 refer 
to measurements in octave bands centered at 500 , 1000, 2000, 
4000 and 8000 Hz, Correlation coefficients were measured at 
16,000 Hz but no significant correTatlon was observed. Thus 
data at frequencies above 8000 Hz are not presented in the 
figures . 
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6. EFFECT OF FREE STREAM FLOW 

For zero tunnel flow tests, the augment or wing was positioned 
so that the exhaust flow was parallel to the tunnel centerline. 
As a consequence the wing had an angle of incidence a of -30°. 
However this large negative angle was unacceptable for non-zero 
tunnel flow, and the wing was rotated to an angle of attack 
closer to zero. The exhaust flow then impinged on the tunnel 
wall at the downstream edge of the porous lining. Under this 
new configuration, far field noise measurements were made at 
microphone locations 2 and 4, Instead of 3 and 5* The change 
in microphone locations meant that the measurements were made 
at approximately the same angles to the exhaust flow as was 
the case for the a = -30° tests. ■ 

Surface and far field acoustic pressure spectra were measured 
at three free stream dynamic pressures, 479s 958 and 1437 N/m^ 
(10,20 and 30 Ib/ft^), and a nozzle pressure ratio of 2.09. 
Correlation coefficients for surface and far field pressures 
were measured at a dynamic pressure of 1437 N/m^ (30 Ib/ft^). 

No large changes were observed in far field sound levels when 
tunnel flow was introduced. Figure 23 shows typical results 
for microphone location 4 and tunnel dynamic pressures of 0 
and 1437 N/m^ . 

Although the particular data in Figure 23 indicate that the pre 
sence of tunnel flow Increased low frequency sound levels and 
decreased high frequency levels, data for all three measuring 
locations (microphones 2, 4 and 6) showed no consistent trend 
except at frequencies below 400 Hz. At these low frequencies 
measured sound levels increased when flow was present, but the 
increase was more likely due to tunnel noise problems than to 
changes in noise from the augment or.;; 
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For a jet without an augmentor wing system, the radiated sound 
levels would be expected to decrease as relative jet velocity 
decreased. Stone [73 accounts for forward motion by replacing 

"’' 0.75 


Ua. 


, where is the forward 


jet velocity U. with U.(l - 

J V '^j 

speed of the airplane (in this case the tunnel airspeed). On 

the basis of a U? law, the expected reduction in radiation 

J 

acoustic power would be 4 dB when tunnel dynamic pressure is 
increased to 1437 N/m^- (30 Ib/ft^), but this change is not 
observed in the experimental data. 


In contrast to the acoustic far field, low frequency surface 
pressure levels measured near the flap and shroud trailing 
edges decrease by an average of 4 dB when tunnel flow is intro- 
duced (Figures 24 and 25) » However this decrease is not obse3?ved 
at leading edge locations. In fact, at location 25 on the flap, 
a location which is out of the nozzle exhaust flow, the low 
frequency pressure fluctuations increase when tunnel flow is 
present (Figure 26) 


The effect of tunnel flow on the surface-far field pressure 
correlation coefficients is shown in Table III. The data are 
presented in terms of the ratio of correlation coefficients 
for test conditions with and without tunnel flow. For the 
flap measurements, leading edge ratios were obtained by aver- 
aging results for locations 6 and 8, and trailing edge ratios 
are given by average values for locations 13 and l4. 
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Table III 

Ratio of Correlation Goef ficients* With and Without Tunnel Plow 


Frequency (Hz) 

500 

1000 

2000 

4000 

8000 

Par Field 
Microphone 

Surface 

Location 


[P3a(-^P/Po 

(V]« 


2 

Flap leading edge 

0.52 

0.64 

0.91 

0.94 

1.09 

2 

Flap trailing edge 

0.88 

0.48 

1.05 

0.67 

0.92 

4 

Flap leading edge 

0.42 

0.84 

0.72 

1.39 

0.92 

4 

Flap trailing edge 

0.39 

1.02 

0.91 

1.91 

0.74 

4 

Shroud trailing edge 

0.46 

0.91 

1,06 

1.37 

0,69 

6 

Shroud leading edge 

0.84 

1.18 

0.80 

0.65 

1.16 

6 

Shroud trailing edge 

0.61 

1.61 

1.22 

- 

0.73 

*P_(t„) Is 
'^ o m 

maximum value of surface-far 

field 

correlation 

coeffi 


dent when there is zero tunnel flow. corresponding 

value when the tunnel flow has a dynamic pressure of 1437 N/m^ 

(30 Ib/ft^). 
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The aata from Table III have been averaged for leading and 
trailing edges, and the resulting spectra are plotted in Figure 27* 
For the flap leading and trailing edges the average value of the 
ratio of correlation coefficients increases, with frequency, from 
a value of less than unity. This variation indicates that the 
surface-to-far-field pressure correlation coefficients decrease 
at low frequencies, but remain unaltered (or perhaps increase) 
at high frequencies, when tunnel flow is introduced. Data for the 
shroud trailing edge tend to show a greater increase in correlation 
coefficient when flow is introduced. 

If the ratio of correlation coefficients is averaged over all fre- 
quencies and locations in Table III, the average value is 0.90. 
Restricting the averaging procedure to frequencies in the range 
1000-8000 Hz gives an average ratio of 0.98. 

Use of an averaging process may be criticized because some of the 
detailed variations are hidden. However it is possible that some 
of these variations are really due to experimental scatter and 
the average trend is more meaningful, particularly that shown in 
Figure 27. 
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7. DISCUSSION 

Several observations can be made regarding the surface-far field 

correlation coefficients. These can be summarized as follows: 

(a) For most cases the highest correlation between flap and 
far field occurs near to, but not at, the flap trailing 
edge , 

(b) Flap- far field correlation Is higher with respect to micro- 
phone 5 than microphone 3i except at 500 Hz. 

(c) Highest correlation between shroud and far field usually 
occurs at the leading edge. 

(d) Highest correlation for flap and shroud occurs at the lower 
frequencies, the correlation coefficient Increasing sharply 
at 500 Hz when frequency Is decreased. 

(e) Correlation coefficients relating trailing edge and free 
field are similar for flap and shroud. 

(f) For the location of maximum correlation on the flap, the 
highest correlation at 500 and 1000 Hz occurs at microphone 6 
( 274 °), but for 2000, 4000 and 8 OOO Hz the highest correlation 
occurs at microphones 3-5 (l*e* 80 ° to 150°). 

(g) Correlation data associated with locations 25 on the flap 
and 44 on the shroud, where there Is only Induced flow, 
did not appear to be significantly different from data 
for other locations. However the local flow speeds at 
these locations may be fairly high, especially at location 

^ ■.'25 


-25- 
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(h) When tunnel flow is introduced, no significant change is 
observed in far Tield acoustic pressure levels. However, 
on the flap and shroud there is a decrease of about 4 dB 
in spectruin levels below 1000 Hz, measured near the trailing 
edges. Depending on location and frequency, the correlation 
coefficient for surface and far field pressures may show an 
increase or a decrease when tunnel flow is introduced. The 
general trend is for the correlation coefficient to decrease 
at low frequencies (500 and 1000 Hz), and increase (or 
remain unchanged) at higher frequencies, when tunnel flow 
is introduced. However, if the correlation data are averaged 
over all surface locations and all octave bands in the range 
1000 to 8000 Hz, there is no net change in correlation 
coefficient associated with the presence of tunnel flow. 

7.1 Interaction Noise 

The reduction in correlation coefficient at the flap and shroud 
trailing edges, shown in Figures 15-19s raises the question of 
the influence of transducer vibration. Measurements of surface 
pressure spectra showed that these trailing edge locations were 
the most susceptible to vibration-induced signals. There are, 
however, three factors which suggest that the reduced correlation 
may not be associated with vibration effects. The factors are: 

(i) The pressure correlations were measured when the vibration 
induced peaks in the surface pressure spectra had been 
reduced to a minimum. 

(li) Spectra at location 14 were also strongly influenced by 
vibration effects, yet the correlation coefficients are 
higher than at the trailing edge. 

(ill) Data of Scharton et al [6] for flow over a single plate 

show a similar reduction in surface-far field correlation 

, _ 26 - ; 
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coefficient at the trailing edge, with the higher fre- 
quencies having maxiinuTn correlation nearer to the trailing 
edge. 

Scharton et al compare the location of maximum correlation 
coefficient with estimates of source size. They show reasonable 
agreement at 8 and l6 kHz, but not at 2 and ^ kHz, A similar 
procedure can be followed here. 

From Figure 20(b) the maximum correlation coefficient at fre- 
quenGies 1 kHz to 4 kHz is 0.1. Using equation (8), the number 
of Independent acoustic sources is 

N =100 . 

Assuming these sources to be distributed in a single spanwise 

array, the source size Is O .76 cm (0.3'’)s since the model span 

is 76 cm ( 30 ’’). This dimension is similar to the spanwise 

length scale A at the flap leading edge (Table II) but only 
3 

25^9 of the value of A at the flap trailing edge. The above 

3 '' ' . 

source size is also similar to the distance between the region 
of maximum correlation and the flap trailing edge, 0.63 to 1,27 em 
( 0 . 25 " to 0 . 5 "). Thus the result is similar to that of Scharton 
et al. 

Proceeding further, since the pressure field on the flap is 
convected downstream at a speed of 204 m/s (670 ft/sec) , the 
wavelength at 2000 Hz is 10. 2 cm (4,0") . This wavelength is 
about eight times larger than the distance between the location 
of maximum correlation and the flap trailing edge. 
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Par field sound spectra for the augmentor wing can be compared 
with similar spectra measured during early tests on the nozzle 
alone. Such a comparison is shown in Figure 28, where the angle 
6 refers to the thrust axis in each case. The presence of the 
augmentor seems to cause a redistribution of the sound power 
at frequencies above about 5000 Hz. This may be due to shielding 
by the flap and shroud. At angles of about 90° there is a marked 
Increase in low frequency sound, which may be associated with 
trailing edge noise. 

Typical frequencies associated with broadband noise from the flap 

trailing edge can be estimated from Hayden [8]. The Strouhal 

mrniber f5/U for the spectral peak has a value in the range 0.04 

to 0.06. In the absence of detailed flow information, upper 

bounds are assumed for both 5 and U, with 6 being taken as half 

the distance between flap and shroud trailing edges and U = U . , 

J 

the Jet velocity. The resulting peak frequency lies in the 
range 400-650 Hz, i.e. it is below 1000 Hz. 

7.2 Jet Noise 

Before drawing conclusions regarding the noise sources of the 
augmentor wing, it is necessary to consider the role played by 
the Jet, Scharton et al [6] have observed that the pressure 
spectrum at the Jet boundary of a model Jet changed little 
when a flat plate was introduced. Source locations in the Jet 
(Table IV) can be estimated from results of MacGregor and 
Simcox [9*], taking the nozzle height as the scale dimension. 

The contents of Table IV Indicate that, for a free Jet, sound 
at 500 and 1000 Hz would be generated at axial distances which 
are downstream of the flap trailing edge . Acoustic energy at 
frequencies 2000-8000 Hz would be generated mainly within the 
augmentor, between flap mid-chord and trailing edge. 

- . - 28 - . ^ 
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Table IV 

Estimated Locations of Acoustic Sources In Augment or Jet 


Freq-uency (Hz ) 

500 

1000 

2000 

4000 

8000 

16000 

Source Location (cm) 

s • 

29.2 

23.6 

19.0 

15.5 

12.4 

9.9 

Cinch) 

11. 5 

9.3 

7.5 

6.1 

4.9 

3.9 


1.44 

1.16 

0.94 

0.76 

0.61 

0.49 


(x^ = flap chord) 


A similar result is obtained when noise source locations are 
estimated for the 172 lobe augmentor system used by Campbell 
et al [1]. Furthermore reference [1] presents spectra showing 
the far field noise reduction achieved when acoustic absorbing 
material is placed on the surfaces of the flap and shroud. 

The results are summarized in. Figure 29 where it Is seen that 
no noise reduction is achieved at frequencies below 2000 Hz. 
This finding is Gonslstent with above estimates of noise source 
locations in the free jet. 

Correlation of surface pressures on the flap indicated the 
presence of pressure components at 2000 and 4000 Hz which 
were convected in the upstream direction. These components 
can be attributed to acoustic rather than aerodynamic pressures 
Values of the correlation coefficient: associated with these 
acoustic pressures are typically 0.05 . If it is. assumed that 
(1) the aerodynamic and acoustic pressu^^’es are uncorrelated 
and (2) the sound waves do not decay within the augmentor, 
then the data can be . taken as indicating that 

^^(acoustic) == 0 . 05 .p^(aerodynamic) 
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i.e. there Is a 13 dB difference in mean square levels. Under 
Idealized conditions this could result in a surface-far field 
correlation coefficient of 0.Q5, a "Value which is typical of 
the measured coefficients. 
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8. CONCLUSIONS 

Noise generation mechanis-ms for an augmentor wing can be con- 
sidered in two frequency regions. 

(a) High frequencies: jet noise components are generated 

within the augmentor and the noise levels are typically 
15 dB below the fluctuating aerodynamic pressures on 

the flap and shroud. However the jet noise is the dominant 
source of far field sound levels for an untreated augmentor. 
When acoustic treatment is added, interaction noise from 
the trailing edges of the flap and shroud may become 
important. 

(b) Low frequencies: jet noise levels are generated outside 

the augmentor, and flow-surface interaction noise is 
generated at the trailing edges of the flap and shroud. 

The role of freestream flow velocity is not well defined, but 
on the average there is little change in far field sound levels 
and in the correlation between surface and far field locations. 

It is recommended that the following items be considered in 
designs for reducing far field noise levels of an augmentor 
wing: ^ 

(a) For low frequencies: Increase the length of the augmentor 

flap and shroud and add acoustic treatment which is effective 
at low frequencies; design porous, or other, trailing edges 
to reduce interaction noise . 
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(b) For high, frequencies: optimize treatment for maximum attenua 

tion; obtain maximum possible benefit from trailing edge 
designs, at high frequencies^ At very high frequencies 
minimize the acoustic leakage at the leading edges of the 
flap shroud. 
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